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WING-NACELLE-PROPELLER INTERFERENCE FOR WINGS OF
FORCE AND PRESSURE-DISTRIBUTION TESTS

By RUSSELL G. ROBINSON and WILLIAM H. HDIHLNSTELN, JR.

SUMMARY

An aperimenial investigd.on w made in t?M
N. A. G! A. jull-wal.e wind tunnel to determinethe e$ect
of wing span on ria.cell.e-propellercharacte%%ti and,
reciprocu.lly, the tied exteni of nucelle and propelkr
injluence on a monoplaw wing. The redi% provide a
check on the tx-didityof t?u prmiaus rtxearch on nacelkx
and propetkw8 with Iil-foot+pan uing8 teeteci!in the
5’O~ootwind tunnel and reported in Techmi.culReporte
416,436, .@f!, 606,606, and 60i’.

The 4/9-8calepropeUer d the N. A. C. A. cowli~
wed in tlwformer researches were ttxted in three typical
tractor Lx&ions with respect to a thick wing of 6#oot
chord and 30-foot span. The span wus progrea&iveJy
redwczdto 26, 20, and 16feet and the 8amecharacteridia
were nwxmuredin each we.

2%8 @z@u@ jactors-pro+e -, nacelk
dr~ e-, and net ~ me obtaimxifor each
wing knqth by maw of force tests and the txzlu.a are
compared to determk? the e$ect of &pm. Pre88ure-
dtitrilndioti ?nea.swremen$e8h0w tb htiwal edeni of th
nu.w?.leinterference a@ t?u propel.ler-slipstream efeci
on the span loadingfor the vuti condit%. Complete
polur curves and cunwe dewing tti variuiion of naceUe
drq with I@ coej@id are&o included.

~orce and premurediMbut&m teat8 concur in hdi-
caling that,for engin.amingpuqo8e8, the &?uence of a
nmelk and of a propelkr, in a mud combindim, may
be corwideredto G&W?tieral.ly on a wing the 8amemaxi-
mum distance, or abowtj$ve nacelle diameters or two pro-
peuer dhmeter8 &board of their common axw AU
important e$ects of 4/9-8cul.enacelle-prqd.kr combina-
tiorw maybe measuredwithin pradi.cal limits of accuraq
by te8t8of a 16#oot-span wing. ,

INTRODUCTION

Several years of research in the N. A. C. A. 20-foot
tunnel have provided data comparing the merits of most
prac!tieable Wing-nacalle-propeller combinations for
air-cooled radial engines. There have been tested a
UL ILu W1

and n
engine

‘n-’”- propeller with an N. A. C. A. cawled nacelle
thick wing (reference 1), with various radial-
cowlings and a thick wing (reference 2), with

VARIOUS SPANS

various radial+mgine cowlings snd a Clark Y wing
(reference 3); tandem propellers with a thick wing and
various radiakmgine cowlingx (reference 4); a tractor
propeller with a Clark Y biplane cellnle and N. A. C. A.
cowled nacelle (reference 5); and a pusher propeller
with various wingg and radial-engine cowlings (refer- “
ence 6). For all these investigations a 4/9-scale repro-
duction of a Wkight J-5 Whirlwind engine was used in
conjunction with engine nacelles and cowlings of
various forms. The propeller was 4 feet in diametm
b eve~ case. The thick wing was of 5-foot chord and
15-foot span; the .Clark Y wing, of 38-inch chord and
15-foot lo-inch span. The magnitude of these di-
mensionsreIative to each other and to the 20-foot-diam-
eter air stra in which the tests were made are
among the factors that determine the degree to which
the tunnel tests reproduce flight conditions.

The validity of all the data reported in references 1
to 6 depends on the effects of certain departures from
flightiperating conditions. The most obvious Mer-
ence is the limited span of--thetest wing compared with
the greater spans of actual wings used in flight. If
the field of flow were appreciably altered beyond the
tips of the test wing by the nacelle or the propeller,
then the total effect that would be produced on a huge
airplane wing would be d.iflerent from that measured
on the test wing and the test data could not be applied
direc~y to an airplane design. The %locking” of
sudh a large test wing in a 20-foo&diameter jet is
another possible source of error in that a possible
I&her velocity near the edges of the stream, compared
with the velocity in the center, is a condition not re-
produced in flight. The jet boundary may aho intro-
duce undesirable effects.

British tests (reference 7), the only known experi-
mental work on the subject, suggested that the in-
fluence of a nacelle without propeller extends about
6 or 7 diameters outboard of the nacelle center. Thus a
W@ of at kmst 20-foot span, or aspectiratio 4, would
be required to measure the complete nacelle -effect,
and it might be supposed (in the absence of test results)
that the propeller effect extends farther than the nacelle
effect.
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The influence of any such disturbing bodies as
nacellea or propellers moving in free air obviously
extends laterally aminfinite distance. The disturbance
is relatively great in the immediate vicinity of the dis-
turbing element, but the magnitude of the flow change
dimhishes rather rapidly with increasing distance from
its source and becomes asympimtic to a zero value.
When a nacelle or a propeller or both are tested on a
wing, $ey influence the flow over the whole of the wing,
from tip to tip, regardless of ,the span. It is therefore
improper to speak of a limit to, or a lati extent of,
the influence of nacelle or propeller and useless to
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effects have been measured on the 15-foo&span wing.
The blocking effect mentioned previously is considered
to be a known quantity in the full-scale tunnel aa a
result of airplane teats and its numerical value is prob-
ably smaller than that for the same wing tested in the
20-foot tunnel. The jehboundary corrections are also
smaller, being, for a 15-foo&span wing, less than 30
percent of the values in the 20-foot tunnel becnuse of the
proportionately larger jet area. In order to deilne
more closely the lim.ita of the nacelle and propeller
influences, preasun+distribution tests were made to
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give the req-tied span-load curves.
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attempt to determine a wing span that includes within APPARATUS AND METHODS

its tips the whole flow change. However, since the The full-scale wind tunnel, its balance, and the wing
effect of nacelles and propellers becomes inappreciable
for engineering usage at some distance laterally and
becomes less than the limits of measurement at approxi-
mately the same point, it is convenient to consider the
lateral exdent of such effect to be the distance at which
the local effect (for prewmr~tribution tests) or the
total effect (for force tests) becomes less than the limits
of accuracy of the test for any increase of the span
over which the effects are measured. Throughout the
presentpaper the lateral extent is considered to have the
limits just enumerated.

The present investigation was planned to evaluate
“the aforementioned effects in the full-scale wind tunnel.
Force tests, repeated on wings of 5-foot chord and 15-,
20-, 25-, and 30-foot spans, were made to determine
propulshe efficiencies, nacelle drag efficiency factors,
and net efficiencies. Comparison of the values for the
d&rent spans shows to what extent the complete

supports used in these testi &e described-in reference ~.
The apparatus will not be described in detail because

a great deal of it is the same equipment that was used
in the prior tests in the 20-foot tunnel. (See reference
1.) The wooden wing specially built for the teds to
the ordinates specified in table I wasof 30-foot span,
5-foot chord, and had a thiclm= equal to 20 percent
of the chord. It was built to allow its being shortened
symmetricsly about its center to spans of 25, 20, and
15 feet. At each of 14 rib stations on the left half of
the wing (fig. 1) 22 copper tubes terminated flush with
the wing surfaces.. These tubes passed inside the wing
to flexible connections at the wing-support points. At
the support points, the wing was provided either with
large cut-outs through which the tubing passed during
Pressure-distribution teds or with small closely fitting
cut+uts during force tests, the tubing being concealed
inside the wir’g in the latter case. A number of flush
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cover plates on the upper and lower surfaces of the
centm section were provided to allow attachment of the
nacelle in various p&itions.

TABLE

Sktlon

–WING OR

Upp

P:myt

M
14.2,
17.1
la 7
19.6
m o
l&9
16.Q
14.1
Uo
7.5
2.8
0

Iruka
4.m

M
10.23
1L24
lL 75
12.ca
IL34
la 14
&48
6.bs
4.52
p

[NATES

Lower

P&%&d
I&

400
:; L82
1.8 L 10

.a4
:: .10

0 .02
0 0

0
: 0
0 0
0
0 I
o 0
0 0

The 4/9-scrilemodel of a Wright J–5 radial air-cooled
engine and N. A. C. A. cowled nacelle, the same as
used in previous tests, is illustrated in figure 2. The.

A
r rB

For pressuredistribution teds the oriiices were con-
nected to two multiplstube manometers in the balance
house by tubing attached to the support fairings.
The recording manometers pictured in figure 4 are
fully described in referenoe 9.

Force tests and pressure-distribution tads were made
of the wing alone and of the wing with the naoelle in
three positions. A 30-foot span wing was first used;
by cutting and reihishing both tips, the span waa
reduced progressively to 25, 20, and 15 feet. Similar
measurements were made in each case,

_ 5 ~ 9 ~o~ the tierent spans, nacelle
locations, and support conditions that make up lthe
32 combinations tested. fi~u~~bution ~~
were run, separately from the-f orce - tests,xwith the
tubing that is attached to the strut-hirings jorned ~
the flexible ends of the tubing in the wing, and the
bundle of connections faired, as nearly as cbuld lye;
into a streamline shape as shown in figures 6 and 9.

< ‘%’ ~
.----

7hrusf line-k ,,
..

Seci.bn B-B SecfL C-C Secti& D-D

FIOUEE2—2W N. A. O. A. MIWkd nadle and m@m aswnbly.

nacelle contains a 25-horsepower 220-volt direot-current
motor and an electric taobometer. A 4-foot ahun.inum-
alloy model of the @h&hmd Navy No. 4412, 9-foot
adjustable propeller, set 17° at 0.75 R, was normally

used, but for a part of the pressuredistribution teats,
to simulati flow over the half of the wing without pres-
sure orifices, a geometrically mar leftAand propeller
was fitted and pressure readings were taken on the
same wing orifioes as before. The three typical nm~e

locations used in the present teds are shown in figure
3 and are designated by the numbering system of
reference 1.

Force &Its were made of the wing alone for each
span at an air speed of approximately 60 miles per
hour over an angle-of-attack range from – 12° to 25°
by 2° intervals, except that the intervals were closer
near minimum drag and mtium lift. In addition,
force tests md pressure-distribution measurements
were made for the wing alone at angles of attack of
—5°, 0°, 5°, 10°, and 15° at air speeds of approximately
30, 50, 80, and 100 miles per hour.

For each span and for each naoelle location, with
propeller removed, force measurements at the same 5°
iutervalq ,were made at various air speeds between 2
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and 100milesper hour. Pressurcdistributionmeasun+
ments were made at the same angles at air speeds of .30,
50, 80, amd100 miles per hour. ..

For each spare and for each nacelle location, -with
right-hand propeller, propeller operating force tests
were made at angles of attack of —5°, 0°, 5°, and 10°
at 12 values of V@ obtained by varying the air.spm.d
between. 27 and 100 miles per hour and by throttling
the motor at the highest air speed. l?ressurdiAribu-
tion.dmsts.weremade at the same-angles at four values
of V/nD, between 0.23 and 0.76, obtained at approxi-

Wy ~,~ 50,80, and 100 nib per hour. Both m=
d test were repeated for the 15- and 30-foot spans
mith the lef t-hand-propeller. .
.. Tare force teds wera.made on the 30-foo&spu wing
by suspending it independently and measuring the air
forces on, the supports. The tare valuea obtained on
the. 30-foot-span wing were used for all spans.
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In all force tests the lift, drag, angle of attack, and air
speed were measured and, in the propeller+perating
tests, the torque and propeller revolution sjjeed in
addition. Double or triple readings were taken for
each test cmdition. In tbe pressure-distribution tests,
single readings of angle of attack, airspeed, and-pressure
at individual odi.xs were taken and,. in tests with
propeller operating, the propeller speed as well.

,, RESULTS ,

The conditions during these teats represent approxi-
mately one-fifth the full-scale Reynolds Number of a
hrge, modern, high-speed transport airplane. The
results for ‘%igh-speed flight,” deiined subsequently,
were taken at about 88 miles per hour (Reynolds
Number approximately 4,000,000) and those for
“climbing ilight” at about 57 miles per hour (Reynolds
Number approximately 2,500,000). The degree of
turbulence in the full-scale tunnel is discussed in
references 10 and 11, which indicate that the effects of

turbulence are of secondary importance. The same
references show that agreement may be expected
between tests in the 20-foot tunnel and in the full-soale
tunnel. For the purposes of this report the present
results may be considered directly comparable, as
regards scale and turbulence, with results from the
20-foot tunnel and may also be considered represent
tive of flight conditions.

FORCE‘rE4Ts

Tbe force-test data were cqrrected by the method
iescribed in reference 6 that allows comparison of
iiflsrent wing-nacelIe combinations at the same angle
of attaok. This method involves computation of
prepukve efficiencies, nacelle drag efficiency faotors,
md net efficiencies, alI at the same angle of nttaok (for
the same span), and correction for the jet-boundary
hag &d induced drag remdtidg from the differences in
lift caused by the nacelle and pr’opellei combinations.
I%is procedure eliminates certain discrepsnciea that
ievelop when the data are reduced in accordance with
the method used in references 1 to 5. The corrections
ire explained in detail in reference 6, but the method
md factors involved will be briefly enumerated in the
~ollowingsection.

Propulsive e%iciency q is the ratio of the effective
thrust power (total thrust power less loss caused by
increaseddrag of parts in the slipstream) to the motor
power. --

effective thrust X velocity of advanceq=
motor power

_ (T–AD)V
P

where all symbols have their usual meanings except
w noted.

-T–ADc.==
where

T is thrust of propeller (shaft tension).
AD, c~oe in drag of body (nacelle plus

.- wing) due to action of propeller.
. T–AD, effective thrust, the quantity actually

inferred from the measurements be-
cause of the difficulty in measuring T
and AD separately; equal to the gross
propeller-operating thrust of a wing-
nacelle-propeller combination plus the
drag of the same wing-nacelle combi-
nation, propeller off, at the same atti-
tude and air speed.

ACDi, change in induced drag due to a change
in lift. In the present case the lift
chmge caused by the propeller is put
in the form of the equivalent drag
change by assuming the latter equal
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to the change in induced drag expe-
rienced by an ellipticallyloaded wing
of the same aspect ratio when its lift
is changed from the actual meaaured
lift, propeller removed, to the mea9-
ured lift, propeller operating.

~cD,= (c.:–c.~)
irxA

where
CL, iS lift ~eflicient, propeller operating, of a

wing-nacelle-propeller combination at a
giveR angle of attack.

CL,, fift ~efficimt, propellm removed, of the
same wing-nacelle ccmbin ation at the
same angle of attack.

A, tipect ratio.
AUDj, change in jet-bound~ drag correction

due to a change in lift; for the same
reaaons and baaed on the same lift
change as ACDt.

where
6 is the nondimensional jebboundary correc-

tion factor.
C, crow-sectional area of the jet, 1,60S square

feet.

Nacelle drag efficiency factor N. D. F. is the ratio
of power absorbed by nacelle drag and interference tc
the motor power.

~ D ~.=(UDo–cDW+AcD,+AcDj)
. .

CP %%(3J

where
ODWis drag coefficient, wing alone, at a chosen

angle of attack.
C~c, drag coefficient of wing-nacelle combina-

tion at the same angle of attack.
AOD,,change in hdu~ drag due to a change in

lift; in this case, the lift change caused
by the nacelle.

ACD,= (cL:–cL:)
rxA

OLW,liftcoefficient of wing alone at the same
angle of attack as CL@is taken.

AODi~ change in je~boundary drag due to a
change in lift; for the same reasons and
baged on the same lift change u ACD,.

Net efficiency q~is the percentage of the motor powel
nvailnble for uses other than for overcoming the 10SSCS,

irect and indirect; of the nacelle-propeller combina-
[on; that is, the fraction of the engine brake horse-
ower available for overcoming the drag of the com-
lete airplane without nacdks, nacelle supports, if any,
nd propellers

~O=q—N. D. l?.

The results are compared for two iiight conditions:
?L=O.2, V/nD=O.65 ; and CL=O.6, VJnD=O.42, VdUf?9

hich represent high-speed (not necessarily full-
peed) and climbing conditions, respectively, for air-
Ilsmesutihzing the pitch setting used in the9e tests
170). The three types of tests-wing alone, wing and
.acelle with propeller removed, and wing-nacelle com-
Iiuationwith propeller operating-were all compared,
or any one span, at the same two angles of attack at
rhich the wing alone showed the chosen lift coefficients;
li%rencea in lift were taken into account as detailed
Rreferenca 6 and as described briefly in the preceding
~aragrapbs. All resultswere corrected for blocking and
or the air-strwun angle lmown ti” exist in the tunnel.
loth these corrections were determined by airplane
ests and by Clark Y airfoil tests reported in reference
O and by air-strewn surveys made in the jet. All
esuhk are finally corrected for je&boundary effects.
~he v~uw of the fw~r 6 ~~ for ~~e mrrmtio~
xe: -0.203 for 15-foot span, —0.206 for 20-foot
pan, —0.208 for 25-foot span, and —0.210 for
0-foot span.

Redts of the force tests are summarized in figure 10,
rhich shows the variation of propulsive efhciency,
wnlle drag efficiency factor, and net efficiency with
pan. The plotted points are not observed valuea but
xe computed from values taken from faired curves.
rhey are included only to show the degree of disper-
ion from the faired curve. Since the present ccm-
wisons are made at different values of CLthan those
hosen in reference 1, the results are also compared for
he conditions (CL=0.409, V/~=0.65; CL=0.652,
7/nD=O.42) used in that reference and the numerical
dues are given in table II.

TABLE 11.—COMPARISONOF 15-FOOT-SPANRESULTS

] Nocallealxwe ] Nacdlewmtm, ] NacalleL@ow I

~m M --OO;CL-O.% V/nD-O..?J I

Cltmb@ ad”; CL-O.6% VI%D-O.42 I

,4!. . . . . 1

1Data froml-efel’enm1, conwted by method of r8fmmm O.
I Data from prcmnt test%wrrwt.M bym@lmdofmfmeMO&
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Complete polam~of the wing and wing-nacelle combi
nations (fig. 11) for the four spans show the variatiol
of nacelle drag with lift coefficient. It is apparent
however, that if the nacelle drags are identical wha
nacelk are mounted on two wings of unequal span am
mea, other conditions being the same, the nacelle drq
coefficients wiJlnot be the same in both cases bmaus
of the di&rent W@ areas on which the coefficients ar

I--H==V53’4--H
., V/& E 0.65, G = 0.2--- ---.– ?

Vjr@:0.6>, ~= 0.2 —-- ---- ;

~ 75 “ ‘“ - . _L__ __ ‘
o
’65

a-- —. +. _- .

k

——.---

.- 1
3

, , , , , ,.
I

, ,
I I

$ Vj’nD= 0.42, ~“= 0.6--- ---- ;
w~ < 1

0 1
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Wiq spun, feef

FmuRB 10.—Vedatlon with spn of mmllepropdlm emdmoy fackm

bnsed; that is, on the 30-foo&span wing a nacelle drag
of 4.6 pounds at 100 miles per houigives a naoelle drag
coefficient AcD of 0.0012; whereas, if the nacelle has
the same drag when mounted on the 15-foo&span wing,
the nacelle drag coefficient ACDis equal to 0.0024 based
on the reduced W@ area. In order that any variation
with span, as well as variation with lift coefficient, may
be shown on a plot of nacelle drag ocefficients, each
coe5cient is multiplied by a factor K equal to the ratio
of the wing areas and the result is termed the “effective

nacalle drag coefficient.” This coefficient ia then n con-
staht independent of span or area if ‘the actual nacelle
drag is constant for diilerent spans. The factom and the
resulting tiective nacelle drag coefficients are shown in
iigu.re12. In @me 13 tha variation of effective nacelle
drag coefficient with span is shown for the three nacelle
positions at the high-speed condition.

In iigure 14 are plotted some resylts obtained inci-
dentally during the main rese&ch. They show the
variation with span of effective profle drag coefficient it
CL=O.2; maximum lift coefficient, and angle of attack
for maximuin lift, alI corrected to freekir conditions.

,. Pll&DIS~LITION ‘PX+TS. ,
,,

The basis for comparison of the pressuredistribution
tests is the same as for the force tats, 1. e., high-speed
and climbing conditions, with ~the mind crit&iona as in
the’ force teds: The norimil-force coefficient ON for
each rib was first plotted against &gle of attack a and,
for propeller-operating tests, at a ccns$hnt V/n.D. At
the angle of attack at which the foiti te$tsshowed that
the ,chosen CL would be realized, the value of ONfor
each rib was read. For propeller-opeiiting tests these
points were cross-plotted against V/nD and values at
the chosen V@D were used. These valuea of rib O;
were then plotted at appropriate rib positions to give
the span loading for the two flight conditions con-
$dered.

Results of the pressurdistribution tests are col-
[ected in fig&es 15, 16, and 17. ‘ These figures show
the span-load curves for high-speed and climbing flight
for the wing alone and for the nacelle above, central,
md below. The charts show the loading as seen from
upstieam, looking at the lending-edge,. with the, pro-
peller‘thrning in the direction indicated. The plottqd
points are not observed ,valups but are .obt@ndd ‘by
xoss-fairing and are included as the’best guide in judg-
.ngthe limits to which the curves should be read. For
ihe following reasons the cur+es do riot show’ directly
he resultant free-air load distribution of the,completa
ipsn. Measurements were @ken on only one ‘half of
he wing and a lef&hand propeller was used to simulate
ihe slipstream effect on the other half of the wing. A
Jockiug effect in, the tunnel (reference 12) results in
&htIy different local velocities d ‘each rib; but, for
implici~, the rib coefficients are compukd OD the
MSiSof average veloci@z No’ correction for the jet
)oundwy was made to the span loading, but this effect
s known to be-small. The previously mentioned con-
litions~however, do not make the results any 1% valid
or the present comparison; in fact, the use of right-
nd lefkhand propellem eliminates the effect of any
symmetry of air flow and wing proiile and permits an
tier and more accurate determination of the slip-
tream effect.
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PRECISION

The prec.kion of the force teats was about the same
aafor the earlier tests in the 20-foot tunnel. The angle
of attack of the mungwas set within O.1-O. Tachometer
readings were accurate to within one-half of 1 percent.
Lift readings were taken to the nearestyound and drag

FIamm 11.~(a,

remh% should be accu.muteto within + 2 percant for the
efficiencies and +20 percent at low lift coefficients for
the nacelle drag coeficie~ts. . .

The pressuredistribution results are less precise than
the force resuhs. Only single observations were taken
for a given set of conditions but ~oss-fairing tended to

, b, q d).—ComprIscm of lift and drag chmactarlstiu of wing alone and N. A. O. A. cowld nacelle mmbixmtlon, propeller mmowl, h thee
comwted for tnnnd Me@s; Reynolds Nnmhr, Z@I,~; M-e tmmd.

readings to the nearcs.t0.1 pound. The magnitude of
the tare forces aided in securing high accuracy; taxe
dragj was approximately 7 percent of CD.ti foi the
15-foot span and approximately 4 percent for the 30-
foot span. The over-all precision is, of course, less on
the larger spans on account of obtaining small dithr-
encea by deducting forces of correspondingly larger
magnitudes. On the 15-foot span, at least, the final

diminish the effect of individual erratic readings. The
scatter of points on plots of rib Ox against a shows the
dispemion to be more nearly a given absolute value
than a given percentage so that the accuracy will be less
at the lower lift coefficients. Below the stall, however,
the dispersion of observed points might be plaoed at
+ 5 percept and the accuracy of the final span-load
curves at & 3 percent.
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DISCUSSION factors show the same tendency except that the indi-
FORCElmms cated variation is greater in some cases. The nacelle

An examination of figure 10 indicatea the extent to * effici~cy fac~r is use~ m~y for comp~aon
which the nacalle-propeller efficiency factors may vary with results previously reported; a more useful and
with the span of the test wing. Propulsive efhiencies, more accurately determined quantity and its variation

AG & tO rm%ll.s

FIGURE M @ b, 0).—Elhtive nacdle drac meftlcients for four SPI% BasY.I cm wfng arfm of 76 MIRUWfe%tiengine dfaIIMtw, ‘iYIInohm. ACFK(CD,-CLI.).

both in high-speed and climbing conditions, generally with span will presently be discussed. A comparison
tend to increase slightly as the wing is shortened from of the propulsive-efficiency curves and the curves of
30 ti 15 feet. The best combination, nacelle central, the nacelle drag efficiency factor demonstrates that the
shows small variation in propulsive efficient-, especially propeller, in spitO of its larger dimnetcw, is no more
at the high+peed condition. The nacelle drag efficiency sflected by span than is the nacelle. ~ Because the
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prcmdsive+fficiency curves and N. D. F. curves have
“, :
sundar tangencies, the net-efficiency cwrvea show even
less variation with span than the curves from which
they are derived. The maximum over-all variation of
any of the netdiciency curves is little over 3 percent.
These curves generally show their greatest departure
from constant valuea for the 30-foot span for which the
experimental errors are lmown to be largest.

I I
~— Mxelle dove

.012 * -—. central
+----- . below

.LnM

AC$
-- ---- -- -

+- - --
/“ >

.CD4
- -— —-- -Q7r +

0 t t
15 20 25 30

Wihg spoa feet

Ilamw 13.-Verietion with sra of effective nerdle drag me131dentakc CLUO-2

It has been determined (reference 13) that the most
accurate way to rLpplynacelle-propeller data to air-
planea, the design speed of which is considerably in
excess of tbe wind-tunnel speeds at which the data
were taken, as is now usually the case, is to use an
experimentally determined propulsive e%iciency and
the effective nacelle drag coefficient (which includes
interference) scaled to the proper engine size and wing
area, instead of using a net efficiency value. At the
higher flying speeds the nacelle drag assumes a greater
importance than formerly and accurate data on this
portion of the airplane loss are accordingly more vrJu-
able. For this reason the nacelle drag, in the form of an
effective nacelle drag coefficient, is obtained from the
original data with as little loss in accuracy ss possible
by taking the difference in effective profile drag coeff-
icients,nacelle off and nacelle on, at the same lift coei3i-
cienta. These results (fig. 12) are readily usable for
design purposes; it is recommended that the faired-
curve values be used in each case. Because of their
simple and more accurate derivation and because the
results are represented for the whole useful-lift range
instead of for the two conditions (C’=0.2 and CL=0.6)
previously used, these results provide a good basis for
judging the effect of span.

All the results cited thus far, especially the curm
of effective nacelle drag coefficient, indicate no system-
atic variution of ntwelle and interference drag with
span and imply tl@ all effects, within the precision oi
the measurements, are therefore included by the 15-
foot-span wing. Figure 13, derived from f3gure 12,
is typical and illustrates the condition for a high-speed
lift-coefficient value. Similar iigum, constructed fol

.arger values of lift coefficient, show a greatar dis-
persion of points but cannot definitely be interpreted
m show consistent variations of nacelle and interfer-
Xlca drag with span.

The comparison in table II of 20-footitunnel data
tith the corr~ponding data from the full-scale tunnel
demonstratesthat both series of tests are substantially
n agreement. As explained in reference 6, the pro-

FU31JEE14—VariatLm with man of V7ing-mmtk ~cs. ~ for
lnnnel efkab; Reynolds Nnmber z.xO,OW fnlkde tunnel.

pulsive efficiencies and nacelle drag e5ciency factors
given in reference 1 will change when corrected for the
induceddrag effects but, because the power coefficients
and lift-curve slopes remain nearly constsnt, the net
efficiencies will not change perceptibly.

The valuea of all quantities meaaured in the full-scale
wind tunnel are generally higher than those from the
20-foot tunnel but, compared with the precision of the
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tests, the diiTeranceis not great. Propulsive efficiencies
for the three nacelle locations average 0.017 higher for
high-speed and 0.026 higher for climbing; nacelle drag
efficiency factors average 0.001 higher for high-speed
and 0.008 higher for climbing; and net efficiencies
average 0.016 and 0.034 higher, respectively.

The incidental results plotted m fi=gre 14 show the
usual trend far wingsof medium aspect ratio. The wings
with nacelles show decreasing maximum lift coefficients
as the mpect ratio is decreased horn 6 to 3, but the
decrease is only about half that for the wing alone.
The minimum drag coefficient of the wing alone in-
creases with decreasing aspect ratio because a tip loss,
which must be nearly constant in absolute value for
the spans tested, accounts for a larger portion of the
coefficient as the area is reduced. In the same way
the nacelle, with its drag a constant independent of
span, raises the coefficient most for the shortest span
because of the smaller area on which the coefficient is
breed. If allowance is made for this fact, the variation
of minimum drag coefficient is about the same for the
wing-nacelle combinations as for the wing alone. The
various combinations show an increase of angle for
maximum lift, with decrease of aspect ratio, similar to
the wing alone except that the increase is more rapid
for the lower aspect ratios.

PllBSSUnE-DISTRIBUTIONTESm

If only the more marked effects that would be impor-
tant in engineering practice are considered, the pressure-
distribution curves of span load (figs. 15, 16, and 17)
also show that the nacelle and propeller effects do not
extend appreciably beyond the limits of a 15-foot-span
wing, approximately four and one-half nacelle diam-
eters or two propeller diameters outboard of the center.
Figure 15, nacelle above the wing, shows that the effects
of the nacelle extend in no case beyond 80 or 100 inches
(four or five nacelle diametem) from the cmter. Figure
16, nacelle central, shows that although the loading at
the center is changed more radically than for nacelle
above or below, the effects do not extend beyond 100
inches. Figure 17, nacelle below the wing, shorn that
the effects of the nacelle extend about 100 inches as a
mrminmm. Contrary to the previously expressed sup-
position, most of the curves show that the lateral extent
of the propeller effect is no greater than that of the
nacelle without propeller.

Consideration of the degree to which all the nacelle
locations tested in the present research indicate like
valuea of the lateral extent of their influence and
considemtion of the results of reference 7, which
indicata that the magnitude, but not the laterrd extent,

of the interference increases for high-drag nacelles
(comparable to uncowled engines) and very poor loca-
tions (touching the upper or lower surface of the wing),
lead one to believe that the present conclusions are
applicable to usual Wing-nde-propeller combinations.
One of the variables not tested was wing thiclmess,
but this”variable is shown by other results (referenco
3) ta be of secondary importance. The case of the
pusher propeller probably represents the greatest de-
parture, but this case probably affects wing-nacelle
characteristics less because the inflow, in which a part
of the wing lies, is more regular and of smaller intensity
than the slipstream of a tractor propeller.

The present tests indicata that the optimum span
on which to test the 4/9-scale nacelle and propeller in a
large wind tunnel is about 20 feet (semispan equal to
six nacelle diameters or two and one-half propeller
diametem, appr@mately). For smaller span9 the
pressure-distribution results show appreciable effects,
in some cases to the point at which the tip effects begin,
a condition which it seems desirable to eliminate. For
larger spans the precision of the force tests decreases.
The 15-foot span wing, however, is sui%ciently large to
measure all effects within practical limits of accuracy.

CONCLUSIONS

1. Force and presmwedistribution tests concur in
‘indicding that for engineering purposes the influence
of a nacelle maybe considered to extand laterally along
a wing no farther than about five nacelle diameters
from its center.

2. Shnilar tests indicate that a propeller operating
with a usual wing-nacelle combination may be con-
sidered to influence the wing no farther laterally
than does the nacelle alone, that is, about two propeller
diameters from its center.

3. All important effects of a 4/9-scale nacelle-p%
peller combination may be measured within practical
limits of accuracy on a 15-foot-span wing in the jet of
the 20-foot tunnel.

4. The present @t results show substantial agree
ment, for the same operating conditions, with results
previously obtained in the 20-foot tunnel.

5. The foregoing conclusions probably apply approxi-
mately to all usual wing-nacelle-propdler combmations.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONALADVISORYCOMMImEEFOEAERONAUTICS,

LANGLEY FIELD, VA., ApriL 21,1936.
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